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Disclaimer

the unusual combination of being an organizer
and at same time giving the (theory) swmmary talk
s accloental

summary = report on main message from each of previous talks
but unavoidably filtered through my perspective

apologies for every missing/wrong citation




Drell-Yan is important for several good reasons :

1. address the q distribution (tn N, )
2. explore the partonic structure of
2. leading order (LO) is simple: qg — ~*

higher orders “easier” and under control
4. relevant for precision tests (W) and for Higgs searches




Physics motivation for DY studies at the LHC
At the LHC, both CC/NC DY reactions are of major importance for:

/ extraction of PDFs in extended kinematics regions (high sensitivity to PDFs) \
« best access to antiquark sea PDFs
luminosity monitoring
calibration of detectors (as “standard candles” for both Tevatron/LHC)
the most precise ever definition of the W mass/width (CC from transverse mass)
high precision SM tests (e.g. for Higgs physics)
potential source of (or background for) many New Physics contributions
(¢.g. contact, 4-fermion interactions, extra W' and Z', “unparticles” etc)
« we need unpolarised DY measurements from the LHC to use their results
kin later polarised DY experiments (e.g. will be useful for RHIC spin physics) /

also use TMDs Lin Low-x DY

see Pasechnik’s talk




another good reason...

The DY cross section contains 48 structure functions

d60' Oégm % ] 5 ) 2 . cos 2 cos 2
TS = 6507 { [(1 + cos” 8) Wiy + sin® 8 Wi, + sin 26 cos¢WUU‘75 + sin” 0 cos 2¢ W, ¢]

+S1T [Sin ®s, ((1 1+ cos? 0) W%U 1+ sinZ 6 WZ%U + sin 20 cos ¢ W;ﬁ ? 1 sin® 0 cos 20 W;O;%))
+ cos ¢35, (sin26 sin ¢ Wt ® + sin® 0 sin 2¢ W;}{;%)} e Ol ST S S A
+S17 Sor [cos(gbsl + qbs2) ((1 1 cos? 0) W%T 1 sin 6 W%T

+ sin 26 cos ¢ W;OTS 2 -+ sin? 0 cos 2¢ W;ﬁ}s 2¢)

TGOS (OS] ((1 + cos 0) W;T + sin? QW;T + sin 26 cos qu;O;qb + sin® 0 cos 2¢W;~O;2¢>

+ sin(¢s, + ¢s,) (sin 20 sin ¢ W:SFI; ¢ 1 sin? @ sin 2¢ W;l; 2¢)

——sin 2¢

Sresinl(b 5. B dies (e in 26 sinquZiEfﬁ + sin® 6 sin 2¢ W )} + .. } :

Integrating upon g7 only three structure functions survive:

= cos(26—¢s, —bs,) _ 1
WLL and WTT : « 5

from Barone’s talk

1
Wi

in 2 2
(Wrp™® +Wrp ™)

24 structure functions appear at leading twist

a Lot of tnteresting SPLV\, phenomenn




most interesting “physics cases”
in hadronic spin physics
involve DY measurements :

1. double transversely polarized by (PY!)

ADY G dO'TT g dO'T‘L = ADY Zq 63 hlq(fEl,QQ)qu(xQ,Q2) A [1 S 2]

= A =
TT = G011 + do'! it >, €2 Fia(@1,@2) Frg(@2, Q) + [ = 2]

from Barone’s talk




most interesting “physics cases”
in hadronic spin physics
involve DY measurements :

1. double transversely polarized by (PY!)

ADY G dO'TT g dO'Tl’ = ADY Zq 63 hlq(fEl,QQ)qu(xQ,Q2) A [1 S 2]

= A =
TT = G011 + do'! it >, €2 Fia(@1,@2) Frg(@2, Q) + [ = 2]

collinear, LO, leading twist
cleanest access to tra wsversitg (Ralston-Soper "79)

Nuwmweriteal preoliotiows: ATT ~ 2-3% at RHIC (too Low x)

~ 20-20% at PAX (but for M<M, )

~ 10-20% at )-Parc
from Barone’s talk % J
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most interesting “physics cases” cont’ed

2. violatiown of Lam-Tung sum rule 1-A= 2

unpol. DY cross sectlon

d60'UU 2
T 65@2 {(1—|—COS 0) WUU—|—SH1 GWUU

+ sin 260 cos ¢ WCOS ¢ 4 sin” 0 cos 2¢ WCOS 2

bt N 3 a:

Ntotd_Q = A (1—l—>\ 00829+,LL sin 260 cos ¢ + % sin290082¢)

:_I:l Fermilab E615 P QCD

~A CERN NA10

@ Fermilab ES66/NuSea 2V - (1—;\,) =0 LO
=0 NLO

—~

from Bacchetta’s talk
talk by P. Reimer at DY@BNL workshop




most interesting “physics cases” cont’ed

2. violatiown of Lam-Tung sum rule 1-A= 2

d6O'UU 2 "
Toan = 5ags 101+ c0s” 0) Wiy + sin® 0 Wy unpol. DY cross section
+ sin 26 cos ¢ WCOS¢ + sin” 6 cos 2¢ WCOSQ¢ >

= N 3 . 5 . Cielidr
= 14+ X cos™ 0+ u sin 26 cosgb—|—581n 6 cos 2¢

new pT-oep.
non-pert. effect

 r— —

Ntotd_Q 47 >\+3

:_I:l Fermilab E615 P QCD

A CERN NA10

@ Fermilab ES66/NuSea 2V - (1—;\,) =0 LO
' = O NLO

from Bacchetta’s talk
talk by P. Reimer at DY@BNL workshop




most interesting “physics cases” cont’ed

2. structure of tnteraction between colored objects dictated b Y
gauwge tnvaritance (Wilson Lines)
— predict sign change of T-odd operators from SIDIS to BY
Ex. : the Sivers effect and process dependence of firt

Brodsky,Hwang,
Schmidt
Belitsky,Ji,Yuan
Collins
Boer,Mulders,Pijlman,
etc

17T -

One of the main goals is to verify this relation.
It goes beyond “just” check of TMD factorization.
Motivates Drell-Yan experiments

from Prokudin’s talk




DY and pert. QCD: 1. collinear factorization,
scale/energy dependence
of cross section, and all that..

hard scale @ = tnv. mass of wtu

Q4

— Z/d.ﬁlﬁadxb fa,(xaalu) fb(xbvlu) Wab + 0(1/Q2)
ab

dQ?

from vogelsang'’s talk




DY and pert. QCD: 1. collinear factorization,
scale/energy dependence
of cross section, and all that..

hard scale & = itnv. mass of wtu

do

4
QTQQ

— Z/dwadxb fa(xaalu) fb(xbvlu) Wab + 0(1/Q2)
ab

_ (LO) . Qs (NLO) @s\? (NNLO

Unpol. Long. pol. Trans. pol.

Kubar et al. Ratcliffe Weber, WV
Altarelli, Ellis,Martinelli | Weber 'A%
Harada et al. Gehrmann Contogouris et al.

Kamal Barone et al.
de Florian, WV

Hamberg, van Neerven, Smith, v.Neerven,
Matsuura Ravindran
Harlander, Kilgore
Anastasiou, Dixon,
Melnikov, Petriello
Catani, Cieri, Ferrera,

‘fYOVM, VD@ BLSH V\/g de Florian, Grazzini




DY and pert. QCD: 1. collinear factorization... cont’ed

Collinear singularity
- factorization into PDFs
- scheme dependence

e DGLAP evolution:

d
2—
" (

Qg Qg 2
Pij = 5= P,iLjO + (—) 'PELO + (

- 2T 2T

1 1 T

Ahmed,Ross Curci, Furmanski, Moch,Vermaseren,
Altarelli,Parisi,... Petronzio Vogt, Rogal

Antoniadis,Kounnas,

Lacaze

Mertig, van Neerven

wV

Kumano et al.

Koike et al.

from Vogelsang'’s talk =




DY and pert. QCD: 1. collinear factorization... cont’ed

NLO and NNLO cale. reduce fact. scale uwcertaiwtg
NLO cale. aLreadg very successful

P e D
HERA F, t 'S
x=0.000102 10 12 z

x=0.000161 == ZEUS NLO QCD fit
y=0.000253 —— H1 PDF 2000 fi
x=0.0004 = 1t
x=0.0005
x=0.000632 e HI1 94-00
x=0.0008
4 HI1 (prel.) 99/00

x=0.0013 = ZEUS 96/97

-
o
(-]

& S
x=0.0021 ~ BCDMS

1 Ann.Rev.Nucl.
1 Part. Sci. 49
1 (1999) 217
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0.08 0.09 0.1

trom Vogelsang’'s and Peng’s talk




threshold (z—1) log’s
large, may spoil

the pert. sertes unless
resuummeo to all orders

from vogelsang'’s talk




threshold (z—1) log’s
large, may spoil

the pert. sertes unless
resuummeo to all orders

UOI4DWWINSY

—_

from vogelsang'’s talk




DY and pert. QCD: 1. collinear factorization... cont’ed

- enhawnce cross section threshold Log’s (NLL)
Lmprove on NLO - reduce fact. scale
o uncertainty - get expected
X VK R®) > (1-x)?
= RA=1 Gev?

0.4

0.3}

0.2¢F

—~~
ot
o
2
O
3
a
N
Q
g
e
i
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&
o
\
b
«
T

0.1F

1.0? o
0.82
0.62
0‘42

0.2F

d?s/dVTdxy (nb/nucleon)

0.0k

from Vogelsang’s talk




DY and pert. QCD: 1. collinear factorization... cont’ed

- emhance cross sectlon threshold Log’s (NLL)
Lmprove on NLO - reduce fact. scale
uncertainty - get expected
— XV (X, Qog)xji (1-x)
Ro2=1 GeV?>3

| 5% NLL resummed * 2
NLO

—~~

o

(o]

2

S
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N o
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1 | 1 1 1
4

d?s/dVTdxy (nb/nucleon)

from vogelsang'’s talk




DY and pert. QCD: 1. collinear factorization... cont’ed

- enhawnce cross sectlon

merove on NLO

—~~
ot
o
2
O
3
a
N
Q
=)
-
e
i
i)
L
o
\
b
«
T

VT = 0.289

NLL resummed

d?s/dVTdxy (nb/nucleon)

1 I 1 1 1 1 | 1 1 1 1
0.4

Xp

from Vogelsang’s talk

Q’ do/dQ (pb GeV?)

- reduce fact. scale

uwacv’calw’ca

| 5% NLL resummed * 2
NLO

T T T T ] T 7T

Q2 <u<2Q

threshold Log’s (NLL)

- get expected
XV TKR2) > (1-x)*
X2
Ro2=1 GeV>3

Q =4 GeV

v ok S AR AR UL



DY and pert. QCD: 2. “non-collinear” lepton pairs
(qr =0 measured )

gluown radiation creates
transverse mmomenta




DY and pert. QCD: 2. “non-collinear” lepton pairs
(gr = 0 measured)

gluown radiation creates
transverse momenta

emergence of Sudakov log’s
at qr? << Q?
Parizi, Patronsio 1079 | resummed at all orders for
Collins, Soper 1982 5
Collins, Soper, Sterman 1985 / l/(.l/\fPOL CYoss sectLon

“hard” radiatlon

/deTeiqT'bTW(ah,wz, bT)B_S(bT’Q) S .

gr = Q




DY and pert. QCD: 2. “non-collinear” lepton pairs

sudakov Log’s G =0 measured )

- can be resummed with
threshold Log’s

- reduce the cross section
better agreement with data

Kulesza, Sterman, WV

30 - : do/dQr (pb/GeV)

66 < Q < 116 GeVv
pert.

resum@— : e \I resummed,
@ NLL =0 S h {{\} 1 / w/ non-pert. g
o L1

TE
Nl

from vogelsang'’s talk




DY and pert. QCD: 2. “non-collinear” lepton pairs

sudakov Log's

- can be resummeed with
threshold Log’s

- reduce the cross section
better agreement with data

Kulesza, Sterman, WV

ol | do/dQr (pb/GeV)
66 < Q < 116 GeVv
pert. . EEN
resummed | lﬁ\ I8 resummed,
@ NLL =20 :\/II - {{q I w/ non-pert. term
| // RS
;/I f};—\l 1
. g
10k E \‘\\I\Eiiz
) \I\gl
g
0 S S S S TR
Qr (GeV)

from vogelsang'’s talk

-

(gr = 0 measured ) ~
E866 b '*'ﬁ_'+'d XB00Geve T
But fo1° Wb W 1o cavi e
only partial - |
account of
Lam-Tuwng
violation
Boer, WV;
Berger, Qiu, Rodriguez-Pedraza
e
E866 ;).2 _ o p+dat800GeV/c. pQCD Caleanas

1.5

Boer-Mulders fit
Zhang, Lu, Ma, Schmidt, PRD78 (08)

2

25

p; (GeV/c)

Enzo Barone’s talk




TMD fact.

theorg robust
but problems with
Low g+ phenomenology




Orowilng

theorg robust
but problems with
Low g+ phenomenology
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TMD factorization approach
a rapidly growing field

at leading twast‘

All order TMD factorization theorem ‘

b ﬁkTd%bquﬂTr[M%(xa,kaT><M’/>*<I><a:b,ka>] Ve

qr <K Q) i




TMD factorization approach
a rapidly growing field

at leading twast‘

All-order TMD factorlza’uon theorem ‘

[LVV’W/ ~/ /:i kaTd2kaqu) TI'[M’LL(I)(QZQ, kaT)(MV)T(I)(ZEb, ka)] Y’u

qr <K Q) i

do
1%
T qd0) x L, W

CTEEEETT D —

DY cross sectlon

Kinematics easy in dilepton rest frame

Gottfried-Jackson frame Collins-Soper frame




TMD factorization approach
a rapidly growing field

at leading twast‘

All-order TMD factorlzahon theorem ‘

[LVVMV ~/ /:i ]{7 Td%bTw%) TI'[M’LL(I)(QZQ,kaT)(MV)T(I)(ZEb,ka)] Y’u

qr <K Q) g

do
1%
Tiqd) x L, W

CTEEEETT D —

DY cross sectlon

but worry about g/ differences

at twist =3 (see Bacchetta’s talk) .
? new BY Trento conventions

ow the definition of:
- aztmuthal angles

Kinematics easy in dilepton rest frame

Gottfried-Jackson frame Collins-Soper frame

- parametrization of WH L terms
of structure functions

— — g




TMD factorization approach cont’ed

Foundations of perturbative QCD

Collins 2011 — hard do

v 2 1
WH = Z | H (Q°, pul* w = renorm./fact. scale
f

Cr = regulator for rapidity
divergences
(do not cancel as tn coll. case
but theg cancel tn WHY)

X /d2k1Td2k2TFf/P1 (1, kis 1, Cr) Fyy p, (22, Kors 11, CF)

% 5(2) (le + ko — qT) + Y(QT; Q)




TMD factorization approach cont’ed

Foundations of perturbative QCD

Collins 2011 — hard do

v 2 v
WH = Z |H ¢ (Q7, p]# w = remorm./fact. scale
f

Cr = regulator for rapidity
X / d2k1Td2k2TFf/p1 (5131, k1T§ L, CF)@/Pl (3327 k2T§ Ly CFD di\/&Y@ﬂV\IGBS

(do not cancel as tn coll. case
but theg cancel tn WHY)

% 5(2) (le + ko — qT) + Y(QT; Q)

vw\,poL. TMD f;

Fg p(x, b p:Cr)

Exact TMD definition beyond tree-level:
1) Wilson lines are off the light cone

—> ¢-regulates light cone divergences
= “unsubtracted “ TMD
2) “Soft factors” implemented

“Unsubtracted”

Implements Subtractions/Cancellations




TMD factorization formalism cont’ed

’ ’ ’ al F 7b y MUy >
evolution equations Ln = = a(fnfzu ) _g 7. 1) «— csSs kRernel

(in b space)

df{(bThu) _
, ’ dlIl,Ll, - _’YK(Q(,U/))
anomalous dimensions

TMD:
dIn F(z,br, 1, ¢) Collins 2011

) Rogers, Aybat 2011
. dln i 1r(9(1); ) Aybat, Collins, Qiu, Rogers 2011
final solution

1 . , /
fl (337 kr; Q) — 2_ /d2bT6_ZkT'bT [C 029 fl](ma bT) 6_5 (b,Q) e_SNP(x7bT7Qaai)
7T

SR

PRCD  non-pert. prvd:




TMD factorization formalism cont’ed

’ ’ ’ al F 7b y MUy >
evolution equations Ln = = a(fnfzu ) _g 7. 1) «— csSs kRernel

(in b space) :
O _ o (et

anomalouws dimenstons dlnp TMD:

~ Collins 2011
dlIlF(iE, bTa Ly C)
. ’YF(Q(,LL)a C) Rogers, Aybat 2011

dln p - Aybat, Collins, Qiu, Rogers 2011

final solution

1 . , /
fl (ZE, kT? Q) -~ /deTe_ZkT'bT [C X fl](CC, bT) e_S (bT7Q) G_SNP (xabTaQaai)

:27T

S

——— RCD>  wnon-pert. Lnput
S— P pert. bnp
S acsiseey| |

09.k,) (GeV™)

plX=

F
up.

Gaussian Ry tail appropriate
- only n restricted energy range
T e <ks2> can depend on x

Energies




unpol. TMD f; from DY data

1 | | |
f]- (CC7 kT’ Q) — 2 /d2b 6_ZkT.bT [C ® fl](x, bT) G_S (bT’Q) G_SNP(m7bT7Q7ai)

small b+ £ matching \ large b+
perturbatwe presoriptiow wow—per’curbative

bT
«(b




unpol. TMD f; from DY data

1 | | |
f]- (CE7 kT’ Q) — 2 /d2b 6_ZkT.bT [C ® fl](x, bT) G_S (bT’Q) G_SNP(m7bT7Q7ai)

small b+ £ matching \ large b+

perturbatwc presorip’ciow wow—per’curbat'we
br

b« (br) =
V1+ 07 (Vs —  extracted from fits

.B L__N Y -ﬁts «Experiment _Reference Reaction NG (GeV)|0Nexp CO M PAS S/
R209 [14] | p+p—ptp +X 62 10% ' E906, [\“CA

t,awolrg, Brock, NaoloLskag, Yuwan,
PRDGF (03)

E605 [15] |p+Cu— ptp= +X . 15%
£288 [16] |p+Cu— ptp=+X . 25% RHIC
CDF-Z [17] Pt — Z+X - ‘

(Run-0)

DO -Z 18] PP T+ X
(Run-1)

CDF-Z [19] ptp— 24X

(Run-1)

from Bacchetta’s talk




unpol. TMD f; from DY data

1 | | |
f]- (CE7 kT’ Q) — 2 /d2b 6_ZkT.bT [C ® fl](x, bT) G_S (bT’Q) G_SNP(m7bT7Q7ai)

small b+ £ matching \ large b+
perturbatwe presoriptiow wow—per’curbative

br

b« (br) =
V1+ 07 (Vs —  extracted from fits

.B L__N Y -ﬁts «Experiment _Reference Reaction NG (GeV)|0Nexp CO M PAS S/
R209 [14] | p+p—ptp +X 62 10% ' E906, [\“CA

t,awolrg, Brock, NaaloLskag, Yuwan,
PRDGF (03)

E288 [16]  |p+Cu—pp” + X : 25%
DY (+ s PVOd.) CDF-Z [17] p+p—Z+X R «RHIC
(Run-0)

LS majorsouroe b0z | 18 | prrozix
(Run-1)

of tnformation for corz | W | pepezex

(Run-1)

E605 [15] |p+Cu— ptp= +X . 15%

from Bacchetta’s talk




TMD factorization formalism :
another prescription

QCD current SCET-qr current

T =D eqy"y Tt = C(Q /1)) eqfaWi S5 VST Wy e
q

q

decouple collinear Whn'T &n fields from sor

f

(t SnT ﬁﬂLdS

Collins: i 2

regulate rapidity divergences s Frunsub (g b 1)

S'(b; +00, yn)

going off LC and using Ff/P(ilf, b;Ca, 1) = f/P
proper soft factors depending \/ S (b; +00, —0)
\_

(b; Yn, —00)

\

J

on rapldity cut-offs —
TMD de‘Pewds ow regulator 2;
glves CSS
evolution eq.

dln F(z,br, i, ¢)

0ln+/C = K(br, 1)




TMD factorization formalism :
another prescription

QCD current SCET-qr current
=D eq m— = C(Q*/1?) Y eafa W S5 VST W,
q g f

decouple collimear Wn't &n fields from soft Sn' fields

Collins: i R

regulate rapidity divergences = :
going off LC and using Ferp(z,b;Ca, p) = -
proper soft factors depending \/ S (b; +00, —00) S(b5Yn>~0)
on rapldity cut-offs - T -
TMD depends o reg uf,a’cor g new approach: reabsorb soft factor tn definition
Oln F(z;br, 1, () Qhves s of TMPB — no dependence on G
e ST, regulate divergencies staying on LC

: dinFyp  simple evol. eq. with regulator A
-from Garcra’s talk dlnA 0 at 2 LOD‘PS 2

w

F25® (2, b; ) . +00,477)

~

J

= K(br, p)




TMD another prescription cont’ed

TMDgscer = TMDPeolline with ; G
still a won-perturbative part dependent on b*, to be fitted to data
fTMDsce-r 0“@1- = PDPF (bl/(.t the baVC OWC')

from Garcla’s talk




TMD another prescription cont’ed

TMDscer = TMPeolline with ; Gl
still a won-perturbative part dependent on b*, to be fitted to data
fTMDsce-r 0“@-[- = PDPF (bl/(.t the baVC OWC')

different soft Sn' fields for different processes

PRes l/(_l/\z'PDL TMDPscer %WLVCVSQL, 'POL TMDSCET?

from Garcia’s talk




TMD another prescription cont’ed

TMDgscer = TMDPeolline with ; G
still a won-perturbative part dependent on b*, to be fitted to data
fTMDsce-r 0“@-[- = PDPF (bl/(.t the baVC OV\IC')

different soft Sn' fields for different processes
s l/(_l/\z'PDL TMD<scer MWLV&VSQL, 'POL TMDSCET?

in b space W = H(Q?/u?) ﬁ‘f/p(:z:l,b; Q% 1) Ff/p(%, b; Q%, 1)

wo soft factor

dln Ww

Rqe :0:7H+’7n+7ﬂ

dinp ~
anomalous dim. of TMD

Rnowwn at NNLO !

—

kRnowwn at NNLO  vr = A(ay)

from qarcia’s talk




“TMDgcer”
[T™MD dk;s = PDF

Gauge link
1 a

EL 9

from Prokudin’s talk




< PDF ?

”TMDSCET” ”TMDCDLLLWS “
JT™MD dik;: = PDF [TMD dk, = PDF

Gauge link
1 a

EL 9

from Prokudin’s talk




TMD < PDF cont’ed

ol :
d4C]ZQ = 60;6512 [(1 + cos? 8@—1— sin” 0 WIQJU + sin 20 cos ¢ W(C]O(jd) 4 sin’ 0 cos 26 WS 2¢}

b5 i [sin b5, ((1 + cos? 0) W%U + sin” 0 W:,%U + sin 26 cos ¢ Wr; $ 1 sin” 0 cos 2¢ W;O;’%)

+ cos ¢p5, (sin 20 sinqﬁW;iEqb + sin” 6 sin 2¢ W;i[r}%)} + (12T~ U)

+S17 Sor [cos(¢51 + ¢3,) ((1 + cos? 0) W%T + sin® 0 W:%T

+ sin 260 cos ¢ W;(}S ? + sin” 0 cos 20 W;f;f 2¢)

—=5COS ¢ =Rt

T COB(O i) ((1 + cos® 6) W;T + sin” QW;T + sin 20 cos @ W™ + sin” 6 cos 2¢ W )
+ sin(¢s, + ¢s, ) (sin 20 sin ¢ WQSJ; ? + sin” 0 sin 20 W;i;2¢)

LRIt s e Os i S1nE20 SiﬂQSWSTH}¢ + sin” 6 sin 2¢W?rr}2¢ } + .. } ;




TMD < PDF cont’ed

collinear extrapolation (bad)

M? < ¢3
collinear description

~
~
~

¢ < Q?

M2

TMD description (good) TMD extrapolation (bad)

from Bacchetta’s talk




- e = S v = N

TMD < PDF cont’ed

collinear extrapolation (bad)

Y N \ M2 < q%-v
’ . IS a ,‘ \A { - K 5
mateh Lng ] S collinear description

L1s ok

M2

TMD description (good) TMD extrapolation (bad)

from Bacchetta’s talk




TMD < PDF cont’ed
collinear extrapolation (bad)

e T 4 M2 << q%
- S o 4 a - 4 ‘%\ o . 4 S
mateh Lng b Syl collinear description

L1s ok

M2
but TMD description (good) TMD extrapolation (bad)
integrate TMD upto  Fu

W’gh “4v where TMP collinear description
extrapolation is bad / (good)

J

C)('PCG‘t
fT'MD dkR+ = PDF TMD extrapolation (bad)

D — m—

from Bacchetta’s talk




TMD < PDF cont’ed

»By requiring the energy of the parton fo be smaller
than the energy of its parent hadron, we have

kig(?—Q?B)(l—LEB)QQ y O<'CUB<1

»By requiring the parton not to move backward
with respect to its parent hadron, we find

iEB(l B iEB)
(1 —2z,)?

k3 < Q*, z, <0.5

e Energy

Forward

from Melis’ talk
(see also Z.avada)




The unpolarized DY: pQCD

dGO'UU agm :
11 d0 - 6507 {(1 + cos” ) WéU + sin” 0 Wl%’U

+ sin 260 cos ¢ W{}OS ? + sin” 6 cos 20 W{}O; =2

ol e ke
Ntot d? _47T )\—I—S

(1 + A\ cos> 6 + 1 sin 260 cos ¢ + g sin” HCOSQQS)




The unpolarized DY: pQCD

d6aUU

334 d0 = 68@2 {(1—|—cos G)WUU—I—sm GWUU

+ sin 260 cos ¢ WCOS ? + sin” 6 cos 20 VVCOS =2

ol e ke
Ntot d? _47T )\—I—S

(1 + A\ cos> 6 + 1 sin 260 cos ¢ + g sin” HCOSQQS)

03 ERES LA L Y Sl e s o e E866 1

E866 e . P+Pat800GeV/c 1 _ :n+Wat252GeV/c
"t o p+dat800GeV/c 1 EBG15 osf * m+Wat194Gevic

'PQC/D | ] NA1Q-

gluon
bremsstrahlung

Berger, Qiu, Rodriguez-Pedraza

s AVAVAVAV,
RLCP

Co mp’cow

A

OO0

+ resummation of Swadakov log’s
logk (R%/q+2) from Vogelsang’s and Barone's talk  s5p




The unpolarized DY: pQCD

d6aUU

334 d0 = 68@2 {(1—|—cos G)WUU—I—sm GWUU

+ sin 260 cos ¢ WCOS ? + sin” 6 cos 20 VVCOS =2

ol e ke
Ntot d? = 47 )\—I—S

(1 + A\ cos> 6 + 1 sin 260 cos ¢ + g sin” HCOSQQS)

o | E866 .

E866 e e P+Pat800GeV/c 3 - In+Wat252GeV/c
Rl p +d at 800 GeV/c ] E615 os | s T+ W at 194 GeV/c

gluon
bremsstrahlung

p; (GeV/c)

Berger, Qiu, Rodriguez-Pedraza

> V'V Vv

s | partly accounts for vy,

Co mp’cow

TOOO— but not for VPD and VN

+ resummation of Swadakov log’s R —
logk (R%/q+2) from Vogelsang’s and Barone’s talk 51




The unpolarized DY: TMD
A—  Wgyy =Clfifi]

1 -
P> R 5 C [[(QT ki) — (Ar - ker)| fi fl} cahwn

1 {(QT -kir)k3p — (Qp - ker)Ki 7 I Bl} B.M.
AT

G
= 2 M1 M-

e G ) e
R W0082¢:C|: (A7 - kir)(Qr - kor) — Kir - kot hfhl} B.M.

UU M1M2

+ 52 ¢ [{3l@r tar) - @ dar)? + i, b A R| o cam

+ unknowwn terms ....

from Barone’s talk
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The unpolarized DY: TMD
A—  Wgyy =Clfifi]

1 s
P> R 5 C [[(QT ki) — (Ar - ker)| fi fl} cahwn

_|_i C (a7 - kir)ksp — (4 - ker)kip hll Bll B.M.
Q 2M1M2

2(ar - kir)(Qr - kor) — kiT - kor
M1 Mo

v — Wcoquﬁ e |:

UU bl } B.M.

+ 52 ¢ [{3l@r tar) - @ dar)? + i, b A R| o cam

+ unknowwn terms ....

Qr (ki) — (k3p) | | | , | (D) o <<k%T><k§T>>2

! VCahn 7 <Q§1>

Q (Q2.) L s [ Eis e 1 Q?

R | cahn effect
' ' i e)qaecteol small

from Barone’s talk
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The unpolarized DY :
parametrization of Boer-Mulders function

Zhang, ZL, Ma, Schmidt 08; ZL, Schmidt 10 fitting the €266 data for v

0.25 ey 025 e
; 1 o02f

-0.10 -0.10
0.0 0.2 0.4X 06 08 1.0 0.0 02 04 XO.G 0.8 1.0

0.48<M<2.1 normalization uwaeytm:lf\«tﬁ -from Luw’s talk




combined unpol. SIDIS - DY :
parametrization of Boer-Mulders function

1st step: extract hytwd from unpol. SIBIS Ay, 5=
COMPASS Deuteron hJ_q(aj k‘J_) B A f

Anselmino et al., 09

(x kL)

Cahn+BM

Boer-Mulders +

Boer-Mulders
. Cahn+BM 1

Boer-Mulders |
__Cahn+BM
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Boer-Mulders |

Boer-Mulders }

. Cahn+BM

Boer-Mulders |
. Cahn+BM
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z

HERMES Proton

01 03

05 07 09
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Cahn+BM

Boer-Mulders {
Cahn+BM

Boer-Mulders £ -+~
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Boer-Mulders £+ -------
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X

030405060708 01 03 05 0.7
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y

COMPASS

<k?>=0.25 (GeV/c)?
<p1>=0.20 (GeV/c)?

1

HERMES

<k?>=0.18 (GeV/c)?
<p3>=0.20 (GeV/c)’

Ay =2.0£0.1

\j =

—1.117"

0.00
0.02

x2/d.o.f. = 2.41
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i (B step :

combined unpol. SIDIS - DY :
parametrization of Boer-Mulders function

COMPASS Deuteron

Boer-Mulders +

Cahn+BM

Boer-Mulders
. Cahn+BM 1

Boer-Mulders |
__Cahn+BM

Boer-Mulders |

Cahn+BM

Boer-Mulders }

. Cahn+BM

Boer-Mulders |
. Cahn+BM

107
X

03 04 0.5 06 0.7 01 03 05 0.7 0.9

z

HERMES Proton

P (GeV)

extract 2% from unpol. SIDIS Ay, 00520

COMPASS

<k?>=0.25 (GeV/c)?
<p1>=0.20 (GeV/c)?

Boer-Mulders 1
Cahn+BM

Boer-Mulders {
Cahn+BM

Boer-Mulders £ -+~

Cahn+BM

Cahn+BM

Boer-Mulders {

WL

HERMES

1 <k3>=0.18 (GeV/c)?
<p3>=0.20 (GeV/c)’
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. Boer-Mulders £+ -------
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y

Nz, k1)

Ay =2.0£0.1

0.00
Ag = —1.1175 7,

x2/d.o.f. = 2.41

hif(z, kL) = N fif

stgwn and sitze as lattice and
models
cahw eftect very Large

from Melis’ talk
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combined unpol. SIDIS - DY :
parametrization of Boer-Mulders function

2mno step : extract h,Lwd from EL&66 pp and pp e

B SGRE e g e hy?(w kL) = Agfif (a,

0.2t
0.15

e | ! ? FLt | FLt (!

[oX
o

0
-0.05 | I I ] Aj=—015+0.13 A

-0.1

== 0(05 1 1 ]

—0.25 +0.20

0.2 : . : 0.05 0.1 015 02 O 1 2 3

X2 ar Xﬁ.o.f = 1.24 Xg.o.f =1.24

(k1) =0.25 (GeV/e)?| |(k?) ~ 0.64 (GeV/c)?

result

(k) =0.25 (GaV/c)? (@) —0.25 (GoVIg?
(KZ) =0.54 (GaV/)? rrrmsemssmmeen () =0.64 (GOVIGR +wwmwisn

from Melis’ talk




combined unpol. SIDIS - DY :
parametrization of Boer-Mulders function

wew SIDIS data on <cos2p> from
7 arXivi1204.4161 = redo the analysis
sbnzzm Transvers Ltg 2011

results contaminated from huge cahn effect in SIDIS

Lf intrinsie R 2 is Limited, thew effect reduced

HERMES Proton-n* HERMES Proton-n* HERMES Proton-n*

numicuts —— ' num+cuts ——
0.2 F analyt ----- 0.2 F analyt ----- 4 02 F

AR ] AR ; ] AR
- 7]

"_,4___‘_“‘“ © ,’J/ - -
0 == 0 _- —— 0 L

Boglione, Melis, Prokudin
oo 01 0102 04 08 o8 1 02 04 06 08 1 12 Phys. Rev. D 84, 034033 (2011)

Pr

TMD evolution missing
further Rinematic 1/@2 and d Yna miecal twist-4 termas

ln fact...




TMD — Ayycos2® « pQCD
expected mismatch

M? < ¢3

e

A

4
qr B

Q?

Lﬁ:2r<<6f M? <« ¢ < Q2

M2

from Bacchetta’s talk 59




TMD — Ayycos2® « pQCD
expected mismatch

2 different
meechanlsms

Lﬁ:2r<<6f M? <« ¢ < Q2
|

M2

from Bacchetta’s talk




TMD — Ayycos2® « pQCD
expected mismatch
2 different

o SNZA 3 mechanlsms
F @ P

vU

TMD A

Lﬁ?&éf M? <« ¢ < Q2
|

M2

sttuation %

Can be calculated

\/erg with pQCD.
5 r Resummation
OOM‘PLLGath Boer-Mulders

important.
effect

2
qr

Boer, Vogelsang, PRD74 (06)
= - 5 s Be;ger/ Qiu, Rodrigues-
N turbative twist-4 2 2 da
onper -4.
No factorization. a7 (GeV?) '(CVDVW Bacchetta’s talk




The DY Ayu©$?®: nonpert. QCD

fluctuating vacuum
chromomagwnetic fielo

@ Sdozfn,'- flaf) quOVL S/MOAIY‘DLLYDVL emission /geaoédmg
t6 o correlateol poZam“so,%Con of 9 and j

((Aro mo maj/ﬂe’fttc SOQOZOV—- Er‘mo\/ e%/ec't )‘
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The DY Ayu©$?®: nonpert. QCD

fluctuating vacuum
chromomagwnetic fielo

® :Def?,eo‘tl:(:on de o okmmqﬂaﬁm@fgc Lovrentx ?[)Of‘ce
S}/ﬂnohrojcr*on emisscon .rﬁ glwons Gl waons
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t6 o correlateol poZarc’sa%Con of 9 and j

((Aro mo maj/meft’c Sokolov - Ternov e%/ecf )‘

a=024 6.3 fm

In the Drell- Yan
process e annihi lah
\ 8
Zvua_rk a_mo( Qnﬁi&&fk
can spene( aﬁDVL
time s the same

carre’Za’[;ZOn 'Y‘egEOVL.

fr&m &Lﬁfc &CDI - — —
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The DY Ayu©$?®: nonpert. QCD

fluctuating vacuum

5 In #he Drell-Yan
chromomagwnetic fielo

process e anniht L
\ J
Zvua_rk a_mo( Qn’h Zzu,afk

cave gpe/ne( aﬁon

time o the same
6 Sdozfn," fldf) quon, S/moA/rDLLYDn emussion jeaoéc‘mﬁ correlotion 'Y‘egEOVL.

te a correlatedl poZar-[’so,%Con of g andl 2”
((Aro mo maj/meft’c Sokolov - Ternov e%/ecf )‘

= : , (X% < a®
aq-9 DlewsUca matrix

—

. a=024 0.3 bm
£, BB - «3—{11@1 f

fr&m &Lﬁfc &CDI - — —

+(F-8)o1 +40(5-8) + Hy /é}*ff)@@*-?‘)}

does it factorize, or is

q-q entanglement ?
from Nachtmann'’s talk




The DY Ayu©$?®: nonpert. QCD

sz—' H44
4 + H33

Lam-Tung violation

,'Da,zta . N A 40 P Theo )")/ - anJM@wj, 0. N.) H?rkes § 1993

0.5

0.4

0.3

0.2

0.1
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The single-polarized DY : the Sivers effect

sin (¢—¢ g, )
SEIE

2qu5 sin(¢p—¢g) (dO’T—dO"L)
qus (doT tdo )

. k iy
= T Asin(¢—og) —

large asywmmnetries predicted using “old style” analysts
with DGLAP evolution of collinear part

COMPASS: np'

0.3

02 |

A
01 | | \

-01 |

2<M<2.5 GeV
E5=1 5 GeV
02 4<M<9 GeV ] 0<qy<0.4 GeV
E,=160 GeV

-0.3

-0.5
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The single-polarized DY : the Sivers effect

sin (¢—¢ g, )

- 2 | do sin(¢p— e
Wor = fl flT Asin(¢—d5s) = f ¢ S )

qus (doT tdo )

large asywmmnetries predicted using “old style” analysts
with DGLAP evolution of collinear part

COMPASS: np'
0.3

or with weighted asymmetries |

Asin(¢—¢g) — 2 [ d¢ daq FF sin(é — ¢s) (do! —do!) 4 o &

=

[ dpdq2.(dot + dot) 5z
0.1 f

COMPASS Tip A o) E;ﬂzzgec\a/ev

02 4<M<9 Gev ] 0<g7<0.4 GeV
0.1} — E,=160 GeV

-0.3

-0.5
0

-0.1;
ool | - Stvers funct. in spectator
0T ARy ] duquarle meodel with

(x,RT) "“’\’fa ctorizeol dC‘P from Barone’s talk &7




The single-polarized DY : the Sivers effect

revisit the analysis using TMPD evolution

ﬁ(a: br;:Q) = N‘(a:;bT; Qo) E(Q: Qo.br) exp {_gK(bT)h] %}

Aybat, Collins, Qiu, Rogers 2012

pert. Rernel nonpert.

HERMES PROTON COMPASS PROTON

Anselmino,
Boglione,

LT ] Melis COMPASS <R?*>=3.6 gqeVv=?
oA s} T oI | HERMES <®*>=2.4 Ggev>

TMD Analytical
0.1 0.2 0.3 L L

Xs 0.1 Aybat Prokudin,Rogers

0.04

Xg . TMD evolution
HERMES ¢
COMPASS +

first: SIDIS e 25 ol
(k%) = 0.25 GeV? '

(p1) = 0.20 GeV?
go = 0.68 G6V2

0.03 - HERMES, COMPASS

EIC
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60 80 100
Pr (GeV) Q% (GeV?)
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The single-polarized DY : the Sivers effect

next: DY

marked sewsitivitg
to parameter of |  eco Gey

0<qg<1 GeV

VbDVb‘PCY't. kernel | pL2190 GeV

=1.5GeV"

-1
qax=0-0 GeV  —
-0.2 0 0.2

XF

9,=0.20 GeV? b_
g,=0.68 GeV?, b
2 2 ] 2 2 L

ax
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The puzzle of the Sivers function

gSTF(:c,:r;) — _QMflJ_Tgl)(m)

p pl = (P X at RHIC SIDIS

Collinear analysis: Kouvaris, Qiu, TMD analysis:
Vogelsang, Yuan (2006) - Ans?lmino et al (2008)
P 4

Q=2 GeV
_old Sivers Kang, Qiu, Vogelsang, Yuan (2011)

e a

. éﬁrs « Magnitudes are similar
| e Sign is opposite 2

e
~

u-quark

0 0.2 0.4 0.6 0.8 1
X
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The puzzle of the Sivers function

Sivers function can have nodes in X.

Boer (2011)
Bacchetta et al, model calculation (2010)

Kang, AP (2012)

from Prokudin’s talk




The puzzle of the Sivers function

Sivers function can have nodes in X.

Boer (2011)
Bacchetta et al, model calculation (2010)

- HERMES

I - . T
oK . . **”“‘H\l

=0.05—

Kang, AP (2012) JCOMPASS
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L 0 :
-

| |
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STAR ¢ |,
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The single-polarized DY : the Boer-Mulders

I k%T(qT - kir) | }
1IN

np! at COMPASS: explore B.M. of plon (*)

L TT—— RE———




: |
:
3

The pion pdf from Dynamlcal X Symmetry Breaklng
double nature ofpww as
q-¢ bound state and
Golostone boson of DYSE

implementation of confinement from DYSE
solving Dyson-Schwinger eq.

J

valewnce distribution of
confined partons LA piow

see Roberts’ talk




The single-polarized DY : the Boer-Mulders

sin (¢‘|‘¢S2) e QT :
urT e

sin (SQS—CbSQ) >

5 k%T(qT

= .
) b

(I

LCCRM

from Pasquint’s talk

Spec. quark mwodel

|kJ-h1L7r|/Mﬂ'fl7r

Zhun Lu, B.Q. Ma /—\
PRD70 (2011)

fixed k. =0.3 GeV

Gamberg, Schlegel
PLB685 (2010)

etkonal method

-
=
N B

—
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=
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The single-polarized DY : the Boer-Mulders

e Lecam

Q2 = 20 GeV?2

T07.075-05-025 0 0.25 0.5 0.75
TFp = Tnx — Tp

from Pasquint’s talk




The single-polarized DY : the Boer-Mulders

1 1
h1 ® h 1T LCCQ,\A Light-cone quark spectator model

- Zhun Lu, B.-Q. Ma, PLB696(2011)
- 0? = 20 GeV? 0.06
— cut in 0.04
: 1.0 GeV < qr<2.0 GeV_|

0.02

0
&
i)

T
Cooaliiiald

-0.75-0

| \‘H ‘ \‘HH‘\
50250 0.25 0.5
Tp = Tx — Tp

75

T cutin 1.0 GeV <qr< 2.0 GeV
from Pasquint’s talk




The single-polarized DY : the Boer-Mulders

1 1
h1 ® h 1T LCCQ,\A Light-cone quark spectator model

Zhun Lu, B.-Q. Ma, PLB696(2011)
- 0? = 20 GeV? 0.06
01 cut in 0.04
: 1.0 GeV < qr<2.0 GeV_|

~ 0.02
n

0

&~
25
<< -0.02

-0.04

T .0.75-05-025 0 0.25 0.5 0.75 -0.06
Tp =Tr — Typ

from Pasquint’s talk

012k

caleulations also !

for ppRY L

L
= 0 0.00

(see Lu's talk) < .|
all TMDs calculable also oos]

L the covartant RPM oz
(see Zavada’s talk)




DY at twist 3
@ angular dependence of DY at O(1/Q) (Arnold, Metz, Schlegel 09, ZL, Schmidt
11):
do.twist—3 2

1 2 T

= [ sin(¢g, +¢ . sin(¢pg, —¢
+ 1817l [sin(é1 + $)Fg 51T tsin(gs, — @)Fag 7]

= [ . sin(¢ g, +¢) . sin(¢ g, — o)
+ |Sor| [ sin(ds, + 6 Fyp 2T A sin(és, — ) Fyp 2|

cos [ ~| = M. = = M1 ~_—
F&? ==C|(h kir) (fo1 — ﬁjhfh> — (h - kar) (fl - ﬁ;hhfﬂ

see Lu's talk
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DY at twist 3
@ angular dependence of DY at O(1/Q) (Arnold, Metz, Schlegel 09, ZL, Schmidt
11):
do.twist—3 2

1 2 T

= [ . sin(¢s, +¢ . sin(¢g, —¢
+ 1Sur|[sin(ér + @) Fpg Y +sin(es, — 6 Fpy 7]

= [ . sin(¢g, +¢) . sin(¢g, — )
+ |Sor|[sin(@s, + )y 2 Hsin(s, — ) Fpp 2]

cos [ ~| = M. = = M1 ~_—
FES¢ =2 ¢ |(h-kir) (fol — ﬁhfh) — (h - kar) (fl - ﬁhhf)]

see Lu's talk

~

ript =2t (T + SR 0T = (0 kar) (9025 + SRR )]
Fpp *5 7" == ¢ [2My frFy +2Ma hah but wa rning on mismateh
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My My Mo Mo 2 Al
_ EX: k45 h ~
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see Bacchetta’s talk
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The TMDs-ology for gluons

- 1 0
T (z, kr) = i

s [T e s @ W A FE) P S)

[Mulders, Rodriues, PRD 63,094021]

from Schlegel’s talk




TMD — matching < CSS resummation

Unpolarized pp—vyyX Cross-Section at gr << Q

(Zlgél ~ <sir‘122 0) ((1 + cos 0)[f{ ® f{] + cos(2¢)sin(26) [ * © hiLq])

quark contributions = almost identical to DY

as 2 r [ ' |
*(%) (AU £+ Falli? 017+ o(20) Rl 8 ff + £ 8]+ cos(l) il 811

gluon contributions = absent in DY
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TMD — matching < CSS resummation

Unpolarized pp—vyyX Cross-Section at gr << Q

(Zlii% N <sir‘122 9) ((1 + cos 0)[f{ ® f{] + cos(2¢)sin(26) [ * © hiLq])

quark contributions = almost identical to DY

2
(o) (Al 71+ a0+ a(Q0)7 0 1 + 1 011+ cosldgli* 01

/' gluon contributions = absent in DY

same structure as tn CSS resummation Lin collinear factorization

[Nadolsky, Balazs, Berger, Yuan; Catani, Grazzini, de Florian]

feasible at RHIC Vs=500

from Schlegel’s talk




using gluon TMD to guess Higgs parity

pure Higgs production via top-quark loop
' ' again matches CSS resummed structure

linearly polarized gluons sensitive to Higgs parity
g gt g Lg
i@ £ @ hi”]

+: scalar Higgs -: pseudoscalar Higgs

scalar Higgs

naive

pseudoscalar Higgs

from Schlegel’s talk




not a sumwmary of the summary... just recommend first of all
unpol. DY at several x, @2s with different probes/targets
goal: constrain unpol. TMP as much as posstble
thew go to polarized case




not a sumwmary of the summary... just recommend first of all
unpol. DY at several x, @2s with different probes/targets
goal: constrain unpol. TMP as much as posstble
thew go to polarized case

Drell-Yan is important for several good reasons

that’s why we very welcome the first DY measurement
after 15 years (ES06, see Nakahara’s talk)

il

and we're Looking forward for upcoming COMPASS data

S

(and we are sad for ANDY calcellation)

&Y




